A continuously tunable vacuum ultraviolet ͑VUV͒ light source in the 104 -108 nm range has been developed by utilizing four-wave sum frequency mixing in Hg vapor. The windowless Hg cell designed uses a conelike glass capillary which transmits most of VUV generated while it restricts the flow of Hg and buffer gas. Usable power of about 10 9 photons/pulse ͑2 nJ/pulse͒ was obtained across the spectral region covered. The light source could be run for at least a month without maintenance and did not seem to contaminate the main apparatus. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1568535͔ Photoionization ͑PI͒ and related techniques such as zeroelectron kinetic energy ͑ZEKE͒ 1 and mass-analyzed threshold ionization ͑MATI͒ spectrometries 2 are useful to generate molecular cations and study their structure and reaction dynamics. [3] [4] [5] [6] [7] Since ionization energies of most molecules are about 8 -12 eV, vacuum ultraviolet ͑VUV͒ radiation in the range of 100-150 nm is especially useful for these studies.
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Powerful coherent VUV radiation can be obtained by third-harmonic generation and four-wave mixing in a gaseous nonlinear medium. [8] [9] [10] [11] Two tunable outputs from a pulsed dye laser, one in the ultraviolet ( 1 ) and the other in the visible ( 2 ), are used in the latter technique to generate VUV by sum or difference frequency mixing ( VUVϮ ϭ2 1 Ϯ 2 ). [9] [10] [11] The capability to generate high power VUV radiation which is tunable over a wide spectral range is the main advantage of this technique. For example, continuously tunable VUV radiation in the region of 123-143 nm generated by difference frequency mixing in Kr and that of 106.6ϳ125 nm generated by sum frequency mixing ͑SFM͒ in Hg have been used in this laboratory for the MATI study of molecular ions. 6 The VUV photon flux measured inside the MATI apparatus was 10 9 photons/pulse or larger over the aforementioned spectral ranges. The low wavelength limit of 106.6 nm was set by the transmission of the LiF window mounted at the rear end of the Hg cell. To obtain VUV below this limit, several windowless schemes have been devised, utilizing rotating pinhole, supersonic jet, or glass capillary array. [12] [13] [14] For a windowless Hg cell to be useful as a routine VUV source for ZEKE and MATI spectrometries and especially for dynamics study using these techniques, its output must be around 5ϫ10 8 photons/pulse ͑1 nJ͒ or higher at the interaction region of the main apparatus. In addition, the device must be free from various troubles such as clogging of flow restrictors, excessive loss of Hg, etc., such that a prolonged operation ͑several hours or longer͒ is possible. Minimal contamination of the main apparatus and pumps by Hg is another important requirement. An improved windowless Hg cell which uses a single capillary as the flow restrictor has been designed and constructed with these requirements in mind. The details of the design and its performance in the 104 -108 nm range will be presented in this Note.
A schematic diagram of the apparatus is shown in Fig. 1 . The Hg vapor is generated inside the heating block ͑2 cm length along the beam path͒. 14 cm long water-cooled arms with baffles inside are attached on the front and rear sides of the heating block to reduce diffusion of the Hg vapor. A conelike glass capillary ͑0.8 and 2 mm inner diameter and 70 mm length͒ is installed along the beam path near the rear end of the cell. The optical transmission through the capillary was larger than 80%. Conductance of the buffer gas ͑He͒ through the capillary was estimated to be ϳ0.4 l/min. A copper cold trap cooled by liquid nitrogen is installed between the heating block and the capillary to minimize contamination of the capillary by Hg and also to minimize reabsorption of VUV by Hg.
A differential pumping system has been devised to ensure high vacuum in the monochromator chamber and eventually very high vacuum in the PI chamber. An intermediate chamber is installed between the Hg cell and the monochromator chamber. A 40 mm long glass tube with 2.5 mm inner diameter connects the intermediate chamber with the monochromator chamber. The intermediate chamber is evacuated by a mechanical pump (180 l/min). A copper cold trap is also installed in this chamber to remove residual Hg and pump oil. The monochromator chamber is evacuated by a turbomolecular pump (50 l/s). Finally, an aperture ͑2.5 mm diameter, 3 mm length͒ separates the monochromator chamber from the PI chamber. In a typical operating condition, when the Hg pressure in the cell is ϳ1 1 S 0 transition in Hg has been utilized for SFM. The ultraviolet laser ( 1 ϭ312.8 or 280.3 nm, respectively, with ϳ3 mJ/pulse͒ was generated by frequency doubling of a dye laser ͑Con-tinuum ND6000͒ output pumped by the second harmonic of a Nd:YAG laser ͑Continuum PL8000, 7 ns pulse width, 10 Hz repetition rate͒. 2 at 320-355 nm ͑2-3 mJ/pulse͒ or 405-436 nm ͑3-6 mJ/pulse͒ was generated by another dye laser ͑Lambda Physik SCANMATE 2E͒ pumped by the second or third harmonic of an Nd:YAG laser. ͑Continuum PL8010, 7 ns pulse width, 10 Hz repetition rate.͒ Two laser beams were spatially and temporally overlapped and focused at the center of the Hg cell with an achromatic lens ( f ϭ20 cm).
The home-built monochromator consists of an Al-MgF 2 coated concave diffraction grating (Rϭ0.5 m, 2400 gr/mm, Jobin Yvon͒ with a dispersion of 0.69 nm/mm and an Au plate working as a VUV monitor. The VUV beam diffracted at mϭϪ1 from the grating was introduced to the PI chamber, while the beam at mϭ1 was monitored by the Au plate. The grating must be rotated when VUV wavelength is changed significantly ͑by changing 2 ). This is not needed when the scan range is narrow ͑Ͻ500 cm Ϫ1 ͒. The systematic procedure to generate VUV by SFM in Hg and to introduce it to the main apparatus is as follows. The two-photon resonance frequency, 1 , for transitions 7
1 S 0 -6 1 S 0 and 6 1 D 2 -6 1 S 0 of Hg was determined by observing the third-harmonic generation at 104.3 and 93.4 nm, respectively, using the Au plate monitor. A third-harmonic spectrum observed near 104.3 nm is shown in Fig. 2͑a͒ . Then, 2 was overlapped with 1 observing VUV signal increase in the Au plate monitor. For VUV generation via 7
1 S 0 -6 1 S 0 transition, the spectral profile measured with the monitor is shown in Fig. 2͑b͒ . It should be mentioned that intensity of the 1 laser was adjusted to suppress the thirdharmonic signal. Finally, VUV was introduced to the main apparatus and ionized benzene in the supersonic beam. The VUV spectrum recorded by measuring the benzene ion signal is shown in Fig. 2͑c͒ . This is essentially the same as the VUV spectrum recorded using the Au plate monitor, Fig.  2͑b͒ . Similar SFM spectra obtained for VUV generated via 6
1 D 2 -6 1 S 0 transition are shown in Fig. 3 . Previously, we estimated the number of VUV photons per pulse exiting a Hg cell with a LiF window using a standard photoionization cell with NO. 15 Here, we measured the benzene photoionization signals using VUV at 108 nm from the Hg cell with a LiF window and from the present windowless cell. Combining these data, the number of VUV photons per pulse at 108 nm from the windowless cell was estimated. The correction for the wavelength dependence of the photoionization efficiency of benzene was not made because the variation was less than 15% in the 104 -108 nm spectral region. 16 The typical VUV power measured was 4 ϫ10 9 photons/pulse ͑8 nJ/pulse͒ at 106.6 nm generated via 7
1 S 0 -6 1 S 0 with the He buffer ͑2 Torr͒ and 6ϫ10 8 photons/ pulse ͑1 nJ/pulse͒ at 104.3 nm generated via 6 1 D 2 -6 1 S 0 with the Ar buffer ͑0.5 Torr͒. These are the values at the PI region of the main apparatus. The actual power generated by the Hg cell is thought to be larger by an order of magnitude. 1 S 0 -6 1 S 0 transition in Hg recorded using the Au plate monitor and PI of benzene, respectively. P Hg ϳ1 Torr and P He ϳ2 Torr.
In the 105-108 nm spectrum of VUV generated via 7
1 S 0 -6 1 S 0 , Fig. 2͑c͒ , a dip appears at around 106.24 nm. This may be the same one as observed by Koudoumas and Efthimiopoulos at 106.28 nm. 17 The latter was attributed to the absorption of the VUV radiation by Hg ϩ and Hg 2 by these investigators. The same authors reported enhanced VUV generation near 106.68 nm, as observed in this work also, which was attributed to the transition to the autoionizing 6pЈ• 3 D 1 state. A second dip observed near this wavelength which was attributed to reabsorption by Hg combined with low conversion efficiency at high Hg pressure does not appear in the present result. Low conversion efficiency was observed near 107 nm due to the positive ⌬k, a phase mismatch near the resonance as pointed out by Koudoumas and Efthimiopoulos.
In the 104 -106 nm spectrum of VUV generated via 6
1 D 2 -6 1 S 0 , in Fig. 3͑b͒ , a dip appears at 104.8 nm which is due to absorption by Ar 4s 1 ͓1/2͔ 1 -3p 6 1 S 0 transition. 18 This dip disappeared when He was used as the buffer gas. However, the conversion efficiency got lower by a factor of 3-5 than that using the Ar buffer. Even though the lower conversion efficiency with He may be related to the difficulty to achieve phase matching, a quantitative explanation is not possible because the optical data for Hg, He, and Ar in this spectral region needed to understand SFM 19 are not known. It should be mentioned that Ar is known to be negatively dispersive in the 97-104.8 nm region. 20 In summary, continuously tunable coherent VUV radiation in the 104 -108 nm region has been generated by fourwave sum frequency mixing with a windowless Hg cell using a conelike glass capillary as the flow restrictor. Several nJ/pulse of VUV power was measured at the interaction region of the main apparatus, which seems to be higher by an order of magnitude at least than previously reported. The device could be run for a prolonged period, longer than a month, without any trouble ͑such as blocking of the capillary by Hg͒ or need for maintenance. In addition, the near absence of Hg contamination outside the cell makes this a useful VUV light source for routine spectroscopic work.
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